The cornea, mainly innervated by sensory nerves originated from neurons in the ophthalmic division of trigeminal ganglia (TG), is a powerful pain generator in the human body. The density of corneal pain receptors has been estimated to be 40 times that of the dental pulp.[@i1552-5783-60-7-2449-b01] Diseases and ophthalmic surgical procedures that damage corneal nerves can induce dry eye and corneal neuropathic pain, also called dry eye-like pain (DELP).[@i1552-5783-60-7-2449-b02] Photorefractive keratectomy (PRK) and laser-assisted in situ keratomileusis (LASIK), two of the most common procedures performed to correct vision, are well-known inducers of DELP.[@i1552-5783-60-7-2449-b03][@i1552-5783-60-7-2449-b04][@i1552-5783-60-7-2449-b05][@i1552-5783-60-7-2449-b06]--[@i1552-5783-60-7-2449-b07] In PRK, the removal of the epithelium injures the epithelial nerve terminals, and in LASIK procedures, epithelial nerve bundles and superficial stromal nerve branches in the flap interface are cut by a microkeratome. Additional damage to the stromal nerves is caused by excimer laser photo ablation. It has been reported that 60% of LASIK patients experience DELP 1 month after the surgery, and 50% of these patients still have symptoms of ocular dryness and irritation after 6 months.[@i1552-5783-60-7-2449-b06][@i1552-5783-60-7-2449-b07][@i1552-5783-60-7-2449-b08][@i1552-5783-60-7-2449-b09][@i1552-5783-60-7-2449-b10][@i1552-5783-60-7-2449-b11][@i1552-5783-60-7-2449-b12]--[@i1552-5783-60-7-2449-b13] In some cases, extensive DELP symptoms may persist for years, regardless of no apparent clinical signs of dry eye.[@i1552-5783-60-7-2449-b07],[@i1552-5783-60-7-2449-b14][@i1552-5783-60-7-2449-b15]--[@i1552-5783-60-7-2449-b16]

Corneal sensory nerves are functionally heterogeneous. Electrophysiologic experiments have classified the nerves fibers as polymodal nociceptors, mechanical nociceptors, and cold-sensitive receptors.[@i1552-5783-60-7-2449-b17] Damage caused by corneal nerve injury disrupts transmission of these receptors to the TG and to the thalamus and somatosensory cortex, causing sensations of discomfort or pain.[@i1552-5783-60-7-2449-b02],[@i1552-5783-60-7-2449-b16] DELP involves both nociceptive and neuropathic symptoms. Recent studies have reported that PRK surgery and aging give rise to both functional and morphologic alterations in mechanical, polymodal, and cold sensory nerve fibers of the cornea, suggesting the involvement of neuropathic mechanism in DELP.[@i1552-5783-60-7-2449-b18],[@i1552-5783-60-7-2449-b19]

Neuropeptides released from trigeminal fibers fulfill well-known functions in neuroinflammatory processes and in the modulation of nociceptive signal processing. Substance P (SP) has a wide range of effects, including nociception (pain perception) and neurogenic inflammation.[@i1552-5783-60-7-2449-b20],[@i1552-5783-60-7-2449-b21] Recent studies from our lab have shown that, in mouse cornea, SP-positive nerves take up about 59% of total epithelial innervation and that there is a significant decrease of SP nerves in diabetic mice.[@i1552-5783-60-7-2449-b22],[@i1552-5783-60-7-2449-b23] Transient receptor potential melastatin (TRPM8) is an ion channel expressed in sensory neurons that play an important role as a cold sensor and respond to changes in osmolarity.[@i1552-5783-60-7-2449-b24],[@i1552-5783-60-7-2449-b25] Studies have shown that TRPM8 regulates the wetting of the ocular surface and that altered expression of the TRPM8 channel contributed to cold allodynia and neuropathic pain.[@i1552-5783-60-7-2449-b26][@i1552-5783-60-7-2449-b27][@i1552-5783-60-7-2449-b28][@i1552-5783-60-7-2449-b29]--[@i1552-5783-60-7-2449-b30] There are changes in morphology and function of TRPM8 axons and terminals in aging mice. These changes are associated with an increase in tearing, characteristic of dry eye in older people.[@i1552-5783-60-7-2449-b19] A clinical study also reported that subjects with dry eye disease had greater sensitivity to cold than normal subjects and found that DELP duration was critical to cooling sensitivity.[@i1552-5783-60-7-2449-b31]

In the current study, we used a mouse wound model that mimics refractive surgery to investigate the changes in epithelial nerve regeneration, SP- and TRPM8-labeled sensory nerves, and terminals, as a function of time after corneal injury. Functional assays of corneal sensitivity and tear secretion were also investigated. To analyze the response in the TG after corneal damage of the sensory nerves and terminals, gene expression of SP and TRPM8, as well as genes involved in inflammation and repair were followed at different times after corneal injury.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Adult Swiss Webster mice of both sexes, aged 8 to 10 weeks were purchased from Charles River Laboratories (Wilmington, MA, USA) and housed at the Neuroscience Center of Excellence Animal Care, Louisiana State University Health (LSUH; New Orleans, LA, USA). The animals were handled in compliance with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the experimental protocol was approved by the Institutional Animal Care and Use Committee at LSUH.

Antibodies {#s2b}
----------

Rabbit monoclonal anti-protein gene product 9.5 (PGP9.5, EPR4118) and rabbit monoclonal anti-TRPM8 (EPR4196) antibodies were purchased from Abcam Inc. (Cambridge, MA, USA). Rat monoclonal (NC1/34HL) anti-SP was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Secondary antibodies Alexa fluor 488 goat anti-rabbit IgG (H+L), anti-rat IgG (H+L), Alexa fluor 594 goat anti-rat IgG (H+L), and Alexa Cy5 goat anti-rabbit were purchased from Invitrogen (Carlsbad, CA, USA).

In Vivo Corneal Injury Model {#s2c}
----------------------------

Mice were anesthetized by intraperitoneal injection of ketamine (200 mg/kg) and xylazine (10 mg/kg). After topical application of one drop of proparacaine-HCl 0.5%, the right eye was injured by removing the epithelium and one-third of the anterior stroma of a 2-mm-diameter central area by using a corneal rust ring remover, as previously described.[@i1552-5783-60-7-2449-b22] After injury, the eyes received 0.3% tobramycin eyedrops (Henry Schein, Melville, NY, USA) three times daily for 3 days to prevent infection.

Corneal Sensitivity {#s2d}
-------------------

Corneal sensitivity within the central area (about 2 mm in diameter) was measured in nonanesthetized mice under a surgical loupe with a Cochet-Bonnet esthesiometer, as previously described.[@i1552-5783-60-7-2449-b22],[@i1552-5783-60-7-2449-b32] Briefly, the length of the monofilament was varied from 6.0 to 0.5 cm in 0.5-cm fractions until the corneal touch threshold was found. Each filament length was tested four times. The response was considered negative when no blink was elicited by monofilament touch. A positive response was considered when the animal blinked in equal or more than 50% of the times tested. If blink response could not be elicited at a monofilament length of 0.5 cm, corneal sensitivity was recorded as 0. Following injury, sensitivity was measured every 3 days for 2 weeks and then weekly from 3 to 15 weeks following injury.

Measurement of Tear Volume (Schirmer\'s Test) {#s2e}
---------------------------------------------

Tear volume was assessed in nonanesthetized mice as previously described[@i1552-5783-60-7-2449-b23],[@i1552-5783-60-7-2449-b33] with a phenol red-soaked cotton thread (Menicon America, San Mateo, CA, USA) applied using forceps in the lateral canthus for 15 seconds. The wetting length of the thread was read by the examiner under a microscope.

Immunofluorescence Staining and Imaging {#s2f}
---------------------------------------

From day 1 to day 5 and then at 1, 2, 3, 4, 6, 8, 10, 12, and 15 weeks following injury, 8 mice per time point were euthanized and the eyes enucleated and fixed with Zamboni\'s fixative (American MasterTech Scientific, Lodi, CA, USA) for 1 hour, followed by three washes with PBS. Then, the corneas were carefully excised along the sclerocorneal rim and double labeled with primary monoclonal rabbit anti-PGP9.5 (1:500) plus rat anti-SP (1:100) antibody or rabbit anti-TRPM8 (1:500) plus rat anti-SP (1:100) antibody in PBS containing 5% goat serum + 0.5% Triton X-100 for 24 hours at room temperature under constant shaking. After washing with PBS (3 × 10 minutes), the corneas were incubated with the corresponding secondary antibodies Alexa fluor 488 goat anti-rabbit IgG (H+L) plus Alexa fluor 594 goat anti-rat IgG (H+L) overnight at 4°C and then washed thoroughly with 1× PBS. Images were taken as described previously.[@i1552-5783-60-7-2449-b22],[@i1552-5783-60-7-2449-b23],[@i1552-5783-60-7-2449-b34] Briefly, four radial cuts were performed on each cornea, and the tissue was flatly mounted on a slide with the endothelium side up. Images were acquired with an Olympus IX71 fluorescent microscope. The images at the same layer recorded at the superficial or subbasal layer were merged together to build an entire view of the corneal epithelial nerves.

Retrograde Tracing {#s2g}
------------------

Retrograde tracing was used to explore the origin of SP and TRPM8 of sensory neurons in the TG that innervate the corneal epithelium. Five adult normal mice were anesthetized as previously described, and the central cornea was injured by rotating a 1.5-mm-diameter sterile trephine on the corneal surface. Then, a piece of circular filter paper soaked in the retrograde tracer Fast Blue (FB) (5% in distilled water) was placed directly onto the circled cornea for 15 minutes and then extensively washed with PBS. After 1 week, the animals were killed by cervical dislocation and the TG were immediately removed and fixed in Zamboni\'s fixative for 2 hours in the dark. After washing thoroughly with PBS, the whole TG were embedded in optimal cutting temperature (OCT) compound and serial 10-μm cryostat sections were cut, dried at room temperature for 2 hours and stored at −20°C in dark until use. For immunofluorescence, the sections were double labeled with rabbit anti-TRPM8 (1:500) plus rat anti-SP (1:100) antibodies and followed by correspondent secondary antibodies, as described above. To calculate the relative content of TRPM8 and SP in corneal afferent TG neurons, 12 sections were randomly selected from 4 mice and counted in a blind fashion. In the same image, the FB-labeled neurons were used to represent the total number of corneal afferent TG neurons. The relative content was expressed as the ratio of TRPM8- or SP-positive neurons and FB-labeled neurons.

TG Gene Expression Analysis {#s2h}
---------------------------

To investigate the TG gene expression after corneal injury, ipsilateral ganglia were harvested at different times after corneal wound and kept in RNAlater solution (Ambion, Austin, TX, USA) for storage without jeopardizing RNA quality or quantity. TG from noninjured mice were used as the control. TG samples were homogenized on ice with a Dounce homogenizer, and total mRNA was extracted using an RNeasy mini kit (Qiagen, Inc., Germantown, MD, USA) as described by the manufacturer. Purity and concentration of RNA were determined with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). RNA samples were stored at −80°C until they were used. For quantitative PCR, the Biomark HD system (Fluidigm, San Francisco, CA, USA) was used as previously described.[@i1552-5783-60-7-2449-b33] Briefly, 200 ng of mRNA was reverse-transcribed using iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA, USA) and then the cDNA was preamplified using the PreAmp Master Mix (PN 100-5580; Fluidigm) and pool delta gene assays of 96 primer pairs.[@i1552-5783-60-7-2449-b33],[@i1552-5783-60-7-2449-b35] Next, the preamplified products were treated with Exonuclease I (New England Biolabs, Ipswich, MA, USA) and subjected to 96.96 Dynamic Array IFC for Gene Expression (BMK-M-96.96; Fluidigm) according to the manufacturer\'s guidance. Data were collected and analyzed using Fluidigm real-time PCR analysis software. The gene expression data were normalized to noncorneal injury samples using the ΔΔ*Ct* method.

Data Analysis {#s2i}
-------------

Nerve fiber densities within the central area (about 3.14 mm^2^ per cornea) were assessed as a percentage of whole-mount images. To get a better contrast, the fluorescent images were changed to grayscale mode and placed against a white background using Photoshop imaging software (Adobe Systems, Inc., San Jose, CA, USA). The subbasal nerve fibers in each image were carefully drawn with 4-pixel lines following the course of each fiber by using the brush tool in Photoshop (Adobe) imaging software. The nerve area and the total area of the image were obtained by using the histogram tool. The percentage of total nerve area was quantified for each image as described previously.[@i1552-5783-60-7-2449-b22],[@i1552-5783-60-7-2449-b23] Nerve terminals in superficial epithelia within the central zone were calculated by directly counting the number of terminals in each image recorded with a 20× objective lens. The terminal numbers in each image were directly counted by using ImageJ software (version1.50i; National Institutes of Health, Bethesda, MD, USA). Because each image took up an area of 0.15 mm^2^, the terminal numbers per mm^2^ were calculated. Data were expressed as means ± SD. Statistical significance (*P* \< 0.05) was determined by -test compared with noninjured corneas.

Results {#s3}
=======

Mapping TRPM8-Positive Epithelial Nerves and Determining Its Relative Content {#s3a}
-----------------------------------------------------------------------------

To map the entire distribution of TRPM8-positive nerves in normal corneal epithelium, 10 corneas were labeled with monoclonal rabbit anti-TRPM8 antibody. [Figure 1](#i1552-5783-60-7-2449-f01){ref-type="fig"}A shows representative images recorded from two eyes of the same mouse. The images were acquired with a 10× objective lens and reconstructed by merging both terminals and subbasal nerves together. For better contrast, the color for terminals was changed to pink. TRPM8-positive subbasal nerve fibers run from the periphery and converge into the central area to form the whirl-like structure or vortex ([Fig. 1](#i1552-5783-60-7-2449-f01){ref-type="fig"}B). Along the path of nerve fibers, fine terminals were budded to innervate the epithelium.

![Corneal TRPM8 nerve architecture and differences with SP nerves. (A) The whole corneas were labeled with TRPM8 antibody, and images were recorded in a time-lapse mode with a 10× objective lens. The images recorded at the same layer were connected to construct the entire image. Each layer consisted of about 35 images. The reconstructed images were merged with both the superficial terminals and subbasal bundles. For better contrast, the images for terminals were changed to pink color. Images in (B) show the detailed nerve architecture of TRPM8 positive nerves in the vortex. (C) Entire view of corneal subbasal epithelial nerves and superficial terminals. In OD, green is PGP9.5-positive nerves and red corresponds to SP-positive nerves. In OS, green is TRPM8-positive nerves. (D) Highlighted images show the detailed nerve architecture recorded at the superficial nerve terminals and subbasal layers in the vortex. Arrows in the overlay figure show small areas of nerves double stained with SP and TRPM8.](i1552-5783-60-7-2449-f01){#i1552-5783-60-7-2449-f01}

To study the distribution of TRPM8- and SP-positive nerve fibers in the corneal epithelium, 10 corneas were double labeled with rat monoclonal anti-SP plus rabbit monoclonal anti-TRPM8 primary antibodies or plus rabbit monoclonal anti-PGP9.5 as a pan marker for total corneal nerves. [Figure 1](#i1552-5783-60-7-2449-f01){ref-type="fig"}C shows representative images recorded from two eyes of the same mouse, in which the right eye (OD) was double labeled with SP+PGP9.5, while the left eye (OS) was labeled with SP+TRPM8. All SP-positive nerve fibers were labeled with PGP9.5, and a small number of SP-positive nerve fibers and nerve endings were also positively labeled by TRPM8, as shown in more detail in [Figure 1](#i1552-5783-60-7-2449-f01){ref-type="fig"}D. Morphologically, TRPM8-positive nerve endings appeared to be longer with more divisions than the SP-positive nerve terminals.

To calculate the relative abundance of SP and TRPM8 with respect to the total epithelial nerves, 10 corneas were triple labeled with SP, TRPM8, and PGP9.5 primary antibodies. Considering that TRPM8 and PGP9.5 antibodies are both raised from rabbit, we labeled the corneas in two steps. First, the corneas were incubated with a set of primary antibodies (SP + PGP9.5 together) and corresponding secondary antibodies (Alexa fluor 594 goat anti-rat IgG \[H+L\] plus Cy5-conjugated goat anti-rabbit IgG \[H+L\]), as described above. Afterward, the corneas were thoroughly washed with PBS and then incubated with the third primary antibody TRPM8 in PBS containing 5% goat serum + 0.5% Triton X-100 for 24 hours at room temperature followed by the corresponding secondary antibody (Alexa fluor 488 goat anti-rabbit IgG \[H+L\]). Representative images of subbasal and nerve terminals triple labeled in the vortex area are shown in [Figure 2](#i1552-5783-60-7-2449-f02){ref-type="fig"}A. Labeled nerves were quantified as described in the Methods.

![Relative content of corneal epithelial TRPM8 and SP nerves. (A) Representative images of subbasal and nerve terminals in the vortex area labeled with PGP9.5, SP and TRPM8. (B, C) Percentage of TRPM8- and SP-positive subbasal bundles and nerve terminals versus total nerve area (PGP9.5-positive nerves) in each image. A total of 20 images for TRPM8 or SP and the same number of images for PGP9.5 were recorded from 10 corneas. Data expressed as average ± SD. (D) Localization of TRPM8- and SP-positive neurons in TG. Ipsilateral TG were FB-labeled through retrograde tracing. One week later, the whole TGs were processed for immunofluorescence with SP and TRPM8 antibodies. Representative images were recorded with a 20× objective lens.](i1552-5783-60-7-2449-f02){#i1552-5783-60-7-2449-f02}

In the central area of the cornea, SP-positive nerve fibers constituted 57.7% ± 7.2% of the total subbasal nerve content, whereas TRPM8-positive nerves were 22.5% ± 6.6% (*n* = 10 eyes; \**P* \< 0.001) ([Fig. 2](#i1552-5783-60-7-2449-f02){ref-type="fig"}B). The percentage of SP positive terminals was also higher (58.8% ± 8.6%) than the percentage of TRPM8-positive terminals (26.4% ± 6.6%, \**P* \< 0.001) ([Fig. 2](#i1552-5783-60-7-2449-f02){ref-type="fig"}C). In addition, a very small number of nerves showed TRMP8 and SP both positive, accounting for 1.15% ± 0.5% of total subbasal nerves (*n* = 5 eyes). To investigate the neuronal origin of TRPM8 and SP nerve fibers in the TG, FB-labeled ipsilateral TGs, through retrograde tracing, were double labeled with antibodies for SP and TRPM8 ([Fig. 2](#i1552-5783-60-7-2449-f02){ref-type="fig"}D). The results clearly show that SP (red) and TRPM8 (green) are expressed in different neurons and that SP-positive neurons (28.94% ± 6.46%) are more abundant than TRPM8 positive neurons (14.75% ± 5.63%, *n* = 4 TGs, *P* \< 0.001).

Repair of Corneal Nerves After Injury {#s3b}
-------------------------------------

Immediately after injury, immunofluorescence nerves label with PGP9.5 showed that all epithelial nerves, including terminals and subbasal bundles, together with the anterior stromal branches were ablated ([Fig. 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}A, yellow arrows show the remaining deep stromal branches). [Figure 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}B showed that corneal stromal nerve regeneration begins at the nerve stump. On the first day after injury, short shoots sprouting from nerve stumps were detected (as indicated by red arrows). In the next few days, the shoots grew longer (yellow arrows), some of which extended within the stroma to reconstruct the stromal neural network, but most of them were upward, producing many branchlets in the epithelial layer where they presented in clusters. During the first few days up to 1 week, the nerve fibers in the epithelia grew without a given direction, but from 1 week on, they grew centripetally. Four weeks after injury, the epithelial nerves formed a whirl-like structure in the central zone (yellow arrow).

![Time course of corneal nerve regeneration after injury. (A) Entire view of corneal nerve architecture immediately following the surgery. All epithelial and anterior stromal nerve branches within a total area of about 3.14 mm^2^ (Φ = 2 mm) were removed by using a corneal rust ring remover under an Evolution Zoom Microscope (63122; Seiler Instrument Inc., St. Louis, MO, USA), but deeper stromal nerves still were present. Representative images were labeled with monoclonal rabbit anti-PGP9.5 antibody and recorded at a magnification of 10× objective. A total of 35 images were merged together to reconstitute the entire view of corneal nerve architecture. Three representative videos showing the details of corneal nerve regeneration in the central corneas recorded on 1 and 3 days and 3 weeks after injury are provided in the supplementary materials ([Supplementary Video S1](#iovs-60-06-37_s02){ref-type="supplementary-material"}, [S2](#iovs-60-06-37_s03){ref-type="supplementary-material"}, [S3](#iovs-60-06-37_s04){ref-type="supplementary-material"}). (B) Representative images labeled with PGP9.5 antibody and recorded from postoperative 12 hours to 4 weeks showing the nerve regeneration. Red arrows indicate the newly regenerated nerve buds. Yellow arrows indicate the new epithelial nerve bundles originated from the underlying stromal nerve branches. Yellow arrow at 4 weeks indicates the vortex running clockwise. (C) Central subepithelial PGP9.5-, SP-, and TRPM8-labeled nerve density at different time postinjury (pi). Data at each time point represent the average percentage of subepithelial nerve density postinjury versus preinjury (N). At each time point, 8 mice were euthanized, 4 corneas were double labeled with PGP + SP, and 4 corneas were double labeled with TRPM8 + SP. All the time points are significantly decreased respect to noninjury values (P \< 0.05). (D) Changes in the number of PGP9.5, SP and TRPM8 nerve terminals pi. Significant difference at 8 to 15 weeks compared to noninjured (P \< 0.001). Representative images showing the epithelial terminals at 1, 3, 5, and 7 days and at 3, 6, 8, and 12 weeks are provided in [Supplementary Figure S1](#iovs-60-06-37_s01){ref-type="supplementary-material"} (recorded at a magnification of 10× objective). E and F are representative images showing the entire subbasal nerves labeled with PGP9.5, SP, and TRPM8 antibodies at early (12--72 hours) and late (1--15 weeks) stages. At each time point, a total of 16 images recorded from the central cornea of 4 mice were calculated for each antibody. Data are expressed as average ± SD.](i1552-5783-60-7-2449-f03){#i1552-5783-60-7-2449-f03}

We followed the regeneration of total, SP- and TRPM8-labeled nerves up to 15 weeks. Epithelial nerve regeneration was divided into two distinct phases. First, regenerated epithelial nerves originated from the remaining epithelial nerve bundle around the wound, which extended centripetally to innervate the injured area. By day 3, the density of total subbasal nerve fibers in the wound area reached about 70% of normal levels ([Figs. 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}C, [3](#i1552-5783-60-7-2449-f03){ref-type="fig"}D). The densities of SP- and TRPM8-positive nerve fibers recovered 82% and 92% of the normal levels respectively. Second, from days 4 to 7, the total and positive SP nerve density decreased, and at 1 week after injury they represent 39% of normal levels, whereas TRPM8-positive nerves are 58% of the noninjured corneas ([Figs. 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}C, [3](#i1552-5783-60-7-2449-f03){ref-type="fig"}F). One week after the wound, the regenerated epithelial nerves were mainly derived from the new branches of the stromal nerves, as shown in [Figure 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}B. With the growth of new regenerated epithelial bundles, total nerve density and SP- and TRPM8-positive nerve fibers gradually increased. However, by 15 weeks postsurgery, corneal innervation still was not fully restored ([Figs. 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}C, [3](#i1552-5783-60-7-2449-f03){ref-type="fig"}F).

In the first 5 days after the injury, the numbers of total epithelial nerve endings labeled with PGP9.5, SP, and TRPM8, were constantly low ([Fig. 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}D). At day 5, the average number of nerve endings per square millimeter was 65 ± 29 for PGP 9.5 (mean ± SD), 25 ± 10 for SP, and 19 ± 7 for TRPM8. By day 7, after the wound with the growth of epithelial nerves derived from the underlying stromal nerve branches, the total number of terminals begin to increase. TRPM8 nerve terminals plateaued at 4 weeks, whereas SP- and PGP9.5-positive terminals continued to increase and plateau at 8 weeks once the total nerve density reached 85% and SP-positive nerve terminals reach 68% of their normal values (*P* \< 0.001). After 15 weeks of corneal injury, the number of TRPM8-positive terminals was only 53% of the normal values (*P* \< 0.001).

It is worth noting that from 6 weeks to the end of the experiment (15 weeks) after injury between, 12% to 25% of the corneas have quadrant epithelial lesions ([Fig. 4](#i1552-5783-60-7-2449-f04){ref-type="fig"}A). Epithelial cells in the lesion area were strongly expressing SP, whereas SP-positive epithelial nerve fibers and terminals in that area were significantly reduced ([Fig. 4](#i1552-5783-60-7-2449-f04){ref-type="fig"}B).

![Abnormal expression of SP neuropeptide after corneal injury. (A) Representative image shows corneal epithelial SP positive nerves and epithelial cells recorded from a mouse cornea at 8 weeks after injury. (B) Highlighted images as framed in (A) show the detailed structures of subbasal bundles and epithelial cells double stained with PGP9.5 and SP.](i1552-5783-60-7-2449-f04){#i1552-5783-60-7-2449-f04}

Corneal Sensitivity and Tear Production After Injury {#s3c}
----------------------------------------------------

One day before surgery, corneal sensitivity was measured in all eyes using a Cochet-Bonnet esthesiometer with an average of 5.5 ± 0.5 cm (mean ± SD, *n* = 60 eyes), which was used as baseline values (N). Postinjury measurements began on the third day after surgery when the epithelial wound was completely closed. In the first 2 weeks, the measurements were taken every 3 days and, afterward, every 1 or 2 weeks. As shown in [Figure 5](#i1552-5783-60-7-2449-f05){ref-type="fig"}A, the corneal sensitivity on day 3 decreased to 50% of the normal level and then gradually increased, reaching normal levels at 12 days.

![Changes in corneal sensitivity and tear production pi. (A) Data at each time point represent the average percentage ± SD of corneal sensitivity postinjury versus preinjury (N). At least 8 corneas (8 mice) were measured. (B) Tear volume data at each time point are the average ± SE of at least 8 eyes (8 mice).](i1552-5783-60-7-2449-f05){#i1552-5783-60-7-2449-f05}

Tear production was measured according to the same schedule as corneal sensitivity, but the interval between the measurements of sensitivity and tear production was 6 hours. As shown in [Figure 5](#i1552-5783-60-7-2449-f05){ref-type="fig"}B, the tear volume before surgery (N) was 4 ± 0.2 mm (mean ± SE, *n* = 60 eyes). Six days after injury, the volume of tears increased and remained constant until day 12. From the second to the third week after the wound, the volume of tears was significantly reduced and then, gradually increased, reaching its highest value at week 8 with 5 ± 0.4 mm (*n* = 15 eyes). After that, tear production gradually decreased and returned to normal levels at week 15.

TG Gene Expression Following Corneal Injury {#s3d}
-------------------------------------------

The Fluidigm integrated fluidic circuits 96 genes × 96 samples platform was used to analyze gene expression in the TG after corneal injury. All genes with more than two-fold changes, in comparison to TG from noninjured mice, were considered significant. The heatmap ([Fig. 6](#i1552-5783-60-7-2449-f06){ref-type="fig"}) indicated two clusters of gene profile in the TG at many time points of this analysis: (1) downregulated genes (blue color) from 1 hour until 96 hours or 1 week and (2) upregulated genes (red color) from the beginning of the injury. As shown in [Figure 6](#i1552-5783-60-7-2449-f06){ref-type="fig"}, several other wound healing- or nerve regeneration-related genes, including nuclear factor 2 (*nrf2*), brain-derived neurotrophic factor (*bdnf*), calbindin 1 (*calb1*), caspase 1 (*casp1*), and sequestosome 1 (*sqstm1*), were downregulated with the lowest expression observed at 96 hours or 1 week after injury. The expression of *bdnf* was inhibited longer, up to 3 weeks after injury. The hypoxia inducible factor 1α (*hif1a)* gene was inhibited at 1 hour after the injury, and this inhibition decreased over time until 1 week. Three autophagosome-related genes, *atg3*, *atg5*, and *atg10* were also inhibited during the first 96 hours to 1 week after injury. There was a significant activation of survival genes, such as bcl-2-like protein 10 (*bcl2l10)* and baculoviral inhibitor of apoptosis protein (IAP) repeat containing 3 (*birc3*), as well as proresolution genes arachidonate 15-lipoxygenease (*alox15*) and peroxisome proliferator-activated receptor α (*ppar-α*). This activation was observed from 1 hour to 2 weeks after corneal injury.

![TG gene expression following corneal injury. Ipsilateral TG were collected at different times after corneal injury. The values correspond to 3 TG/time and were calculated in comparison to 3 TG of different mouse without injury obtained at the same times that the experimental ones. The Fluidigm integrated fluidic circuits 96 genes × 96 samples platform was used to analyze TG gene expression. The heatmap indicated two clusters of gene profile in the TG at the time points of this analysis: (1) downregulated genes (blue colors) from 1 hour until 96 hour or 1 week and (2) upregulated genes (red colors) from the beginning of the injury. All genes with more than two-fold changes, in comparison to the baseline (no injury), were considered significant.](i1552-5783-60-7-2449-f06){#i1552-5783-60-7-2449-f06}

We also investigated the gene expression of SP and TRPM8 in the TGs. Expression of *trpm8* fluctuated after injury, but the changes were not significant at any time ([Fig. 6](#i1552-5783-60-7-2449-f06){ref-type="fig"}). On the other hand, the *tac1* gene encoding the SP neuropeptide was significantly downregulated at most time points after injury.

Discussion {#s4}
==========

Chronic neuropathic pain arising from peripheral nerve damage is a severe clinical problem with limited treatment options. During corneal refractive surgery, damage to the nociceptors can cause DELP.[@i1552-5783-60-7-2449-b02][@i1552-5783-60-7-2449-b03][@i1552-5783-60-7-2449-b04][@i1552-5783-60-7-2449-b05][@i1552-5783-60-7-2449-b06][@i1552-5783-60-7-2449-b07][@i1552-5783-60-7-2449-b08][@i1552-5783-60-7-2449-b09][@i1552-5783-60-7-2449-b10][@i1552-5783-60-7-2449-b11][@i1552-5783-60-7-2449-b12]--[@i1552-5783-60-7-2449-b13] Changes in corneal nerve structure and sensory responses after surgery are thought to play a key role in the etiology, but the exact pathogenesis remains unclear. A recent study has reported that PRK results in both functional and morphologic alterations in mechanical, polymodal, and cold sensory nerve fibers of the cornea.[@i1552-5783-60-7-2449-b18]

We found that epithelial nerve regeneration has two origins. At an early stage (1--3 days), the epithelial nerves in the wound area come from the remaining bundles around the wound, which extend radially to the center along with the sliding epithelium. Therefore, in the first few days, epithelial nerve density increased rapidly, reaching about 70% of normal levels by day 3. Surprisingly, from day 4 to day 7, when the epithelial wound was already closed, the epithelial nerve density gradually decreased. By day 7, the epithelial nerves were reduced to 39% of normal levels. Many factors may contribute to the regeneration and degradation of nerve fibers, but based on previous studies, one mechanism may involve the expression of fibronectin[@i1552-5783-60-7-2449-b36] and matrix metalloproteinases (MMPs) during wound healing.[@i1552-5783-60-7-2449-b37][@i1552-5783-60-7-2449-b38]--[@i1552-5783-60-7-2449-b39] Fibronectin (FN) has been shown to support neurites and axonal outgrowth.[@i1552-5783-60-7-2449-b40][@i1552-5783-60-7-2449-b41]--[@i1552-5783-60-7-2449-b42] Shortly after wounding, there is a layer of FN and fibrin deposited on the denuded corneal surface, which serve as a temporary basement membrane to facilitate cell migration[@i1552-5783-60-7-2449-b37] and possible the axonal growth that we observed in the early times after injury. MMPs and their inhibitors regulate extracellular matrix degradation and deposition that are essential for wound reepithelialization.[@i1552-5783-60-7-2449-b38][@i1552-5783-60-7-2449-b39]--[@i1552-5783-60-7-2449-b40] Once the wound is closed, the subepithelial FN is degraded by MMPs secreted by the epithelial cells, and therefore the decrease in corneal nerve fibers that we observed from day 4 after injury are consistent with the time of activation of MMPs and degradation of FN. One week after the injury, the epithelial nerves in the wound area are mainly derived from the underlying regenerated stromal nerve branches. Although obvious corneal stromal nerve regeneration was observed at 1 to 3 days after the injury, these nerves did not appear in the epithelial layer until 5 days postwound when the existing epithelial nerves have already been degraded, as discussed above. From 1 week on, the density of epithelial nerves increased over time. However, at 15 weeks after injury, the nerve density did not reach the noninjured level.

Consistent with our recent studies,[@i1552-5783-60-7-2449-b22] SP nerve fibers in normal mouse corneal epithelium account for approximately 58% of total subbasal nerves. After injury, the density of SP nerve fibers in the corneal epithelium have similar changes to that of total epithelial nerves, and at 15 weeks, SP nerve fibers including superficial terminals and subbasal bundles do not recover to normal levels.

Changes in SP expression have been associated with neurogenic inflammation and neuropathic pain.[@i1552-5783-60-7-2449-b20],[@i1552-5783-60-7-2449-b43] Local injection of SP into the hind paw of rats produces hyperalgesia, allodynia, and an increase in the pain-enhancing action of glutamate.[@i1552-5783-60-7-2449-b44] Our previous study in a mouse diabetes model has shown that diabetes not only reduces corneal epithelial density but also reduces SP nerve fiber content, leading to decreased corneal sensitivity and delayed wound healing.[@i1552-5783-60-7-2449-b23] Between 12% to 25% of injured eyes developed quadrant epithelial lesions after the wound. SP-positive subbasal nerve fibers and terminals decreased, and conversely, some epithelial cells were strongly stained positive by SP. This is similar to our previous report showing that there was SP-positive staining in the epithelial cells of rabbit cornea after injury.[@i1552-5783-60-7-2449-b32] Another possibility is that the SP-positive cells are goblet cells. They had been described in the mouse as clusters of cells that increase in number after corneal wounds.[@i1552-5783-60-7-2449-b45] Abnormal expression of SP may lead to postoperative neurogenic inflammation and neuropathic pain.

Our results show that in the central epithelium of normal adult mice, TRPM8-positive nerves account for 22.5% ± 6.5% of the total subbasal bundles and for 26.3% ± 6.4% of the total superficial endings. These proportions are similar to a recent report in a transgenic TRPM8 mouse fluorescent with YEFP.[@i1552-5783-60-7-2449-b19] Consistent with previous studies, we found that corneal epithelial TRPM8 and SP nerve fibers have different neuronal origins and that SP-positive neurons are more abundant than TRPM8 neurons. The TRPM8 nerve endings appear longer and more branched, in agreement with a recent study in guinea pig corneas,[@i1552-5783-60-7-2449-b46] suggesting that this morphology will increase the number of cold receptors in the corneal epithelium. Interestingly, a number of TRPM8+ terminals also contain SP. These may correspond to a subpopulation of high-threshold, low-background, cold-sensitive fibers associated with nociceptive central neurons that can be related to unpleasant dry sensations.[@i1552-5783-60-7-2449-b15]

Postinjury changes in TRPM8 content in the subbasal nerves were similar to SP. However, from 3 to 12 weeks after injury, TRPM8 nerve endings did not change significantly with increasing epithelial nerve density from 3 weeks to 12 weeks after injury and were still only about half of the normal level.

Hypersensitivity to cold temperature, manifested clinically as cold hyperalgesia or cold allodynia, is a frequent symptom of patients with refractive surgery-induced DELP. In chronic pain states, the central sensitization that consolidates hypersensitive pain behavior is weakened by the TRPM8-positive input, acting to gate-out nociceptive processing and producing an analgesic effect.[@i1552-5783-60-7-2449-b28] Therefore, our results suggest that the insufficient recovery of corneal TRPM8 nerve terminals following corneal injury may contribute to postsurgery DELP.

Nerve terminals are responsible for transducing sensory stimuli into nerve signals, and their numbers are directly proportional to corneal sensitivity.[@i1552-5783-60-7-2449-b17] Our results showed that although the number of superficial nerve endings was much lower than normal in the first 2 months after injury, corneal sensitivity still recovered fast, especially from day 3 to day 12. At 2 weeks after injury, when the corneal sensitivity has reached normal levels, the number of nerve terminals are only 15% of the noninjured corneas. One possibility is that the Cochet-Bonnet esthesiometer only detects mechanoreceptors and no chemo-and thermoreceptor activity. Another possible explanation is that newly regenerated corneal nerves are hypersensitive after injury.

Tear production is often used as an indicator of neurologic recovery after corneal refractive surgery. Patients undergoing refractive surgery often complain of dry eye symptoms, but when their tear production is measured it is found that the tear volume is normal. It is now well known that this phenomenon is typical of DELP.[@i1552-5783-60-7-2449-b14][@i1552-5783-60-7-2449-b15]--[@i1552-5783-60-7-2449-b16],[@i1552-5783-60-7-2449-b47],[@i1552-5783-60-7-2449-b48] We found there is an unstable tear production after surgery, and except for the third week after injury, the number of tears increase and was highest at week 8. The increase in tears in the early postoperative period may be related to wound response caused by surgery; and excessive secretion of tears in the late stage of injury may reflect corneal nerve hypersensitivity. In the latter case, although the density of corneal epithelial nerve fibers is low due to the high sensitivity of the nerves, any external stimulation to the ocular surface may cause tearing.

We also examine the effect of corneal surgery on the TG expression of selective genes associated with corneal wound healing, inflammation, apoptosis, and nerve regeneration. Of the genes whose expression was significantly decreased, hypoxia-inducible factor 1α (HIF1α). Studies have reported that knockdown of HIF-1α in vitro or conditional knock out in vivo impairs sensory axon regeneration.[@i1552-5783-60-7-2449-b49] Other genes downregulated were *nrf2*, *bdnf*, *calb1*, *casp1*, and *sqstm1*. An in vivo study has shown that corneal epithelial cell migration and wound healing were significantly delayed in *nrf2* knockout mice.[@i1552-5783-60-7-2449-b50] The expression of *bdnf* in the TG was inhibited up to 3 weeks after injury. Recent studies from our lab have shown that there is an increase in gene expression of this neurotrophin in mouse corneas after 3-hour injury and stimulation of nerve regeneration with pigment epithelium-derived factor (PEDF) + docosahexaenoic acid (DHA), and this increase is followed by the secretion of BDNF in tears at 6 hours.[@i1552-5783-60-7-2449-b35]

An interesting finding is the decreased expression of the autophagosome-related genes *atg3*, *atg5*, and *atg10*. Autophagy has been demonstrated as an axonal regeneration factor in the dorsal root ganglia.[@i1552-5783-60-7-2449-b51],[@i1552-5783-60-7-2449-b52] The upregulation of autophagy, especially in the Wallerian degeneration (WD), is regarded as a key component to enhance the axonal regeneration.[@i1552-5783-60-7-2449-b53] In the cornea, however, the stage of regeneration is completely different. As shown in [Figure 3](#i1552-5783-60-7-2449-f03){ref-type="fig"}C, WD does not occur immediately after corneal nerve injury because corneal nerves grow faster in the first few days after injury with a peak of corneal nerve density at 72 hours after injury. This suggests that the WD process occurred at later time point when the corneal nerve density was degenerated to establish the functional axonal network in the cornea. For this reason, our data indicate that autophagy is not an important factor in corneal nerve regeneration, and therefore, the expression of autophagosome-related genes decreased at the beginning of the regeneration process.

On the other hand, there was a significant activation of survival genes *bcl2l10* and *birc3* as well as the proresolution genes *alox15* and *ppar-α*. The cell membrane phospholipids phosphatidylcholine and phosphatidylethanolamine of the TG are enriched in DHA.[@i1552-5783-60-7-2449-b35] The alox15 gene codifies 15-lipoxygenease, a key enzyme in the synthesis of DHA-derived mediators such as NPD1, which, in turn, activate the cellular survival machinery, including *birc3* and *bcl2l10* gene expression.[@i1552-5783-60-7-2449-b54] This effect ensures the homeostasis of the TGs from the axonal removal in the cornea as well as maintains the microsystem of the regenerating progression. Finally, the unstable expression of *trpm8* and downregulation of *tac1* may explain the lower densities of TRPM8- and SP-positive axons and terminals in the cornea after injury.

In summary, we used our improved technique of immunofluorescence and imaging to provide, for the first time, a complete map of entire epithelial TRPM8 nerve architecture and the relative content in mouse cornea. We have also investigated the remodeling course of corneal nerves and TG gene expression following corneal experimental surgery. The persistence of a regenerating phenotype of corneal nerves long after wound closure, abnormal SP expression, and low amounts of TRPM8 terminals and changes in gene expression in TG may contribute to the pathogenesis of DELP.

Supplementary Material
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

Supported by the National Eye Institute Grant R01 EY19465.

Disclosure: **J. He**, None; **T.L. Pham**, None; **A.H. Kakazu**, None; **H.E.P. Bazan**, None
